The paper analyzes up-to-date, experimentally approved methods and means to provide conditions for the formation of anticorrosive oxide films on the surfaces of structural steels and keep them intact during operation of plants with heavy liquid metal coolants (HLMC). Since the basis of protective films is formed by oxide compounds of steel components, the content of the oxygen dissolved in the coolant is one of the parameters the film integrity depends on. Data from Russian and foreign studies on the solubility of oxygen in lead and lead-bismuth is analyzed. The paper also presents a review of the latest developed devices for the monitoring of oxygen content in molten lead and lead-bismuth that have proved themselves to perform well both under laboratory conditions and as part of experimental facilities and test circuits when justifying the designs and testing components of reactors with HLMC now under design in Russia (BREST-OD-300, SVBR-100). Major designs of mass exchangers (devices for dosing of oxygen into the coolant) developed by IPPE for the past 15 years have been analyzed.
Introduction
Heavy liquid metals (lead and the eutectic alloy 44.5% Pb-55.5%Bi) are used as coolants for advanced nuclear power plants (NPP) (SVBR-100, BREST-OD-300, ELFR and other projects) and are considered for designs of accelerator driven systems (MYRRHA, CLEAR-I and others), as well as of innovative melting units (MAGMA project).
An important HLMC impurity is oxygen in a dissolved form. When dissolved oxygen is present in the lead (leadbismuth) coolant, oxide films are formed on the surfaces of the circuit and equipment structural steels which protect the surfaces against the corrosive and erosive action of the coolant. Being oxides by nature, protective films have their in-service condition depending greatly on the oxygen behavior, that is, on the content of dissolved oxygen in the coolant.
The purpose of the study is to analyze modern means for the monitoring and control of the content of dissolved oxygen, allowing the corrosion resistance conditions in the HLMC environment to be ensured for steels.
Solubility of oxygen in molten lead and lead-bismith
Equilibrium is established between the solid body and the solution under conditions of a particular concentration called the concentration of saturation or solubility. Solubility is an essential physicochemical and process parameter an analysis or calculation of any dissolution process starts with, being indicative of the solvent capacity and its capability to take up the substance dissolved. Solubility is the factor that affects to a great extent the dissolution process rate.
For the time being, no curve for the oxygen solubility in liquid metals can be calculated theoretically due to the absence of a quantitative expression for the energy of mutual components exchange in the liquid metal. Therefore, semiempirical theories are used to calculate the solubility of impurities in liquid metals based on experimental data. In a general case, the temperature dependence of the oxygen solubility ( С S ) in the considered molten metals may be described by the equation
Data in [1] [2] [3] [4] [5] on the oxygen solubility for liquid lead is presented in Fig. 1 and that for lead-bismuth is presented in Fig. 2 as temperature dependences of the saturation concentration logarithm. There is rather a good convergence of data for the oxygen solubility in lead though a certain divergence is observed for that in lead-bismuth. The difference in the data is likely to be caused by a difference in the purity of initial molten metals, the accuracy of measurement and so on.
Monitoring of the oxygen content in heavy liquid metal coolants
This is a common practice to monitor the thermodynamic activity (TDA) of oxygen in a lead-bismuth (lead) coolant as a quantitative parameter the HLMC oxidation potential depends on. The TDA association with the oxygen concentration is roughly represented by relation [6] 
where С is the concentration of dissolved oxygen in the HLMC; and С S is the oxygen solubility in the HLMC.
To monitor the oxygen dissolved in the coolant, oxygen TDA detectors (OAD) are being developed at IPPE based on solid oxide electrolyte. The detectors feature high speed of response, high sensitivity, a capability for long-term operation under conditions of elevated temperatures and thermal shocks, reliability and stability of conducting and mechanical properties in a broad range of temperatures and oxygen partial pressures [7] .
Essentially, the oxygen measurement method consists in the formation of a galvanic concentration element, including a comparison electrode, solid oxide electrolyte and a test electrode. The electrochemical element acts as the concentration element for the oxygen on the electrodes. The cumulative potential forming process is the transport of oxygen from the electrode, where its chemical potential is higher, to the electrode, where its chemical potential is lower.
By measuring the temperature and the electromotive force (EMF) of the element with a known chemical potential of the comparison electrode in a standard state, one may determine the thermodynamic activity of oxygen in the test electrode.
The relation between the EMF developed by the galvanic element (in the detector), the coolant temperature and the measured value of the oxygen TDA is found by a Nernst equation
where a A is the TDA of oxygen in the comparison electrode and a B is the TDA of oxygen in the test electrode. An essential component of the oxygen TDA monitoring detector is a ceramic sensitive element (CSE) that measures such performance characteristics as thermal stability (the capability to withstand, without a failure, abrupt temperature fluctuations in the process of operation), vibration stability, and strength under increased pressures.
As a result of studies [8] , an optimal chemical and phase composition has been developed for the ceramic material based on zirconium dioxide with the required thermalmechanical properties (ZrO 2 partially stabilized by Y 2 O 3 ). This material allows oxygen in molten lead and lead-bismuth to be measured in the oxygen TDA range of 10 -7 to unity at temperatures of 300 to 700 °C, as confirmed by tests of pilot oxygen TDA detectors for which this type of ceramics was used.
A study into the CSE thermal stability has shown that the ceramics made of partially stabilized zirconium dioxide withstands the temperature variations at a rate of up to 100 °C/s.
An optimal geometrical form has been developed for the ceramic sensitive element ( Fig. 3 ) based on calculated hydroand thermomechanical effects of a heavy liquid metal coolant. The design of the oxygen TDA detector suggests that the sensitive element made of solid electrolyte in the form of a ceramic capsule is bonded to the ceramic body. To have a leak-tight and reliable attachment to withstand high temperatures, pressures, hydrodynamic loads and liquid metal impacts, a method has been developed for the ceramic bonding using sitall (material belonging to crystalline glass family).
The laboratory HLMC oxygen TDA detectors developed at the IPPE ( Fig. 4 ) have been patented [9] . These detectors are used in experiments both in plants with immovable (static) coolants and in test circuits at the IPPE, as well as in the other organizations, including NIKIET (Moscow, Russia), CRISM "Prometey" (St. Petersburg, Russia), OKB "Gidropress" (Podolsk, Russia), R.Ye. Alekseev NNSTU (Nizhny Novgorod, Russia), ENEA Research Center (Italy), and CDBMB (Sosnovy Bor, Russia).
Control of the dissolved oxygen content in heavy liquid metal coolants
The development of processes and systems for continuous control of the HLMC oxygen content was started at IPPE in the 1970s. Initially, emphasis was placed on gas-phase methods with delivery of oxygen gas or М 2 -М 2 О-Ме ( Аr) mixtures to the HLMC plant.
The experience has shown that the use of gas-phase HLMC oxygen content control methods has or may have negative side effects. The scale and the potential effects of these phenomena are such that the use of gas mixtures for continuous control of oxygen content does not make it possible to solve in full the problem of maintaining the preset oxygen regimes during operation of plants with HLMC in all specified operating modes.
Further, a method was developed at the IPPE to control the oxidizing potential of the coolant using the process of dissolution of solid-phase lead oxide introduced into the coolant flow, also known as solid-phase control technique [10] . This technique consists in controlled dissolution of lead oxide granules fabricated by a dedicated technology and placed in a dedicated reaction pot as the filler through which the HLMC flow is directed. While contacting the heavy liquid metal, the lead oxide granules dissolve oxygenizing so the molten metal, with oxygen further transported throughout the circuit by the coolant flow. The solid-phase control method is shown schematically in Fig. 5 .
Technically, the solid-phase technique to control the oxygen TDA in lead-bearing coolants uses dedicated devices known as mass exchangers (MT) being components of the HLMC technology equipment system [11] .
In principle, the possibility to use the solid-phase oxide dissolution process for the purpose of the oxygen content control (in terms of the TDA parameter) is confirmed by a thermodynamic analysis of the "HLMC -lead oxide" system. The usability and practicability of the method is determined by identifying the kinetics of the oxide lead dissolution in lead and lead-bismuth coolants.
To describe the process of the lead oxide dissolution in molten lead and lead-bismuth, it would be just to use the dissolution kinetics law, according to which the density of the substance flow from the dissolution surface is proportional to the concentration undersaturation of the solution:
where K р is the dissolution rate coefficient; С S is the concentration of saturation at the given temperature; and С is the concentration of the impurity in the liquid. K р is the key quantitative parameter of the dissolution process kinetics. 1/ K р value has the meaning of resistance to the dissolution process:
where K R and K D are the constants of the impurity interphase transition and diffusion removal rates. It stems from the consideration of the nature of individual dissolution process stages that the constant K R depends only on temperature. K D value is associated with the conditions of the dissolved impurity diffusion through the boundary layer that occurs near the solid body surface. Therefore, representative of K D is the dependence on the hydrodynamic conditions near the "solid-liquid" interface defined, on the one hand, by the hydrodynamic characteristics of the incoming flow and, on the other hand, by the specimen surface structure and geometry. Accordingly, the factors the value of the mass transfer coefficient is defined by in the process of dissolution are the temperature in the reaction zone, the velocity and the nature of the incoming flow, the geometry of the dissolved body and its surface structure, and the oxygen concentration in the coolant.
As far as the control of the oxygen TDA in molten lead (lead-bismuth) based on the use of solid-phase lead oxide is concerned, the process rate is understood as the quantity of dissolved oxygen removed by the coolant flow from the dissolution zone per unit time. The process rate depends to a great extent on the oxygen flow from the dissolution surface S р found by the formula
where K p is the dissolution rate coefficient, kg/(m 2 s); a [O] is the thermodynamic activity of oxygen in liquid metal; and S р is the dissolution surface area, cm 2 . Empiric dependences of K p on temperature were obtained to calculate the dissolution rate coefficient for different forms of lead (powder, film, pellets) in static liquid lead-bismuth and lead.
The results of an experimental research into the dissolution of lead oxide (PbO) granules being flown over by the coolant have been generalized as criteria dependences [10] Sh = 8 . 7 · 1 0 −4 · R e 1 . 42 · S c 0. 83 for Pb -at Re = 1000 −5000,
where Sh is the Sherwood criterion; R е is the Reynolds criterion; and Sc is the Schmidt criterion or the diffusion Prandtl criterion. These relations have a relative calculation error of about 30%. Dependences ( 7 ) and ( 8 ) make it possible to estimate the specific oxygen flow from the mass exchanger PbO granular layer surface in molten Pb or Pb-Bi, respectively [12] .
By now, mass exchangers have been developed at the IPPE to control the content of dissolved oxygen. These are devices of different designs ( Fig. 6 ) using different principles to structure the solid-phase lead oxide dissolution process [13] . An extensive experience has been gained in testing and operating different ME designs in test facilities with lead-bismuth and lead coolants which has proved these to be reliable and not affecting adversely the circuit as a whole.
In an ME with an internal heater, capacity control is based on the dependence of the lead oxide dissolution rate on temperature and hydrodynamic conditions in the vicinity of the solid-phase oxidizer. Therefore, the ME capacity is controlled through varying the heater power which leads to a variation in the temperature in the reaction pot of the device in question and in the coolant flow rate through it due to the action of natural convection forces. An ME with an internal heater may have an essentially different design, and both loop-type and submerged-type MEs have been developed (see Fig. 6 ).
Taking into account that the dissolution rate of lead oxide granules depends on hydrodynamic conditions of these being flown about, control is possible by the oxygen flow from the mass exchanger at a constant temperature thanks to the variation of only the coolant flow rate through the filler. In this case, the ME needs to be equipped with a built-in pump for the flow rate generation and control. This option may include the use of portable axial, centrifugal or electromagnetic pumps.
An ME with a built-in pump may be recommended for use in the large size experimental facilityies and nuclear power plants requiring large oxygen flows. To ensure the coolant circulation through the mass exchanger, a gas lift effect may be used during gas mixture bubbling in the vertical channel. The essential peculiarities of such a mass exchanger are the need for the delivery of gas and the ME installation in the circuit's portion with the "coolant -gas circuit" phase boundary. In this ME option, it is technically difficult to monitor continuously the quantity of oxygen introduced into the coolant in the process of operation. An indisputable advantage of such ME type is that there are no actuators below the coolant level. The gas flow activator with an aerosol filter is installed beyond the liquid metal circuit and, where required, may be isolated from the gas circuit for preventive examination or repair without the whole of the plant being depressurized.
Another ME design with gas used as the flow activator is a pneumodoser-type device using a gas piston. Such exchanger delivers dissolved oxygen to the main circuit in batches. One batch of dissolved oxygen is delivered for one ME operation cycle. The peculiarities of this design are that the ME includes an individual gas circuit and oxygen is introduced into the coolant in a discrete manner. The device is better to be installed in the plant circuit's portion having the "coolant -gas circuit" phase boundary. Devices of an air-operated batcher type are recommended for use as part of research facilities and units for trials of the heavy coolant technology, material tests and thermohydraulic studies.
When MEs and OADs are used, it is possible to automate completely the process of monitoring and controlling the HLMC oxygen TDA playing a key role in the technology for ensuring the corrosion resistance of steels, since the required oxygen potential of the coolant needs to be maintained continuously in all operating modes of a plant with HLMC.
The process to maintain the preset oxygen regime in the HLMC is automated with the use of dedicated automated oxygen TDA control system. Its models have been developed at IPPE [14] .
Conclusion
The oxygen dissolved in the HLMC plays an essential role in the technology for ensuring the corrosion protection of the circuit and equipment structural steels.
Detectors are being developed at the IPPE based on solid oxide electrolyte to monitor the content of oxygen in molten lead and lead-bismuth. There have been developed the optimal geometry of the ceramic sensitive element and the detector design for operation under conditions of hydro-and thermomechanical effects from the heavy liquid metal coolant.
The detectors feature high sensitivity (up to a [O] = 10 -7 ), high speed of response, the capability for long-term operation under conditions of elevated temperatures (up to 700 °C) and thermal shocks (up to 100 °C/s), reliability and stability of conducting and mechanical properties in a broad range of temperatures and partial oxygen pressures.
The best possible way to control the HLMC oxygen content is solid-phase technique based on controlled dissolution of solid-phase lead oxide in the coolant flow.
The kinetics of the lead oxide (PbO) dissolution in liquid lead and lead-bismuth has been studied. Empirical dependences have been obtained to calculate the kinetic characteristics of the lead oxide granule dissolution process under any temperature and hydrodynamic conditions. An extensive experience has been gained in developing, studying the characteristics of and operating various mass exchanger designs (means used to implement the solid-phase technique) in test facilities and plants with lead and leadbismuth coolants. The developed MEs are highly reliable, they enable fine adjustment of the oxygen introduction rate and do not have detrimental effects on the circuit as a whole.
